The role of HGF/SF-MET signaling is important in cancer progression, but its relation with Helicobacter pylori-positive gastric cancers remains to be elucidated. In total, 201 patients with primary gastric carcinoma who underwent curative or debulking resection without preoperative chemotherapy were studied. MET4 and anti-HGF/SF mAbs were used for immunohistochemical analysis. Survival of gastric cancer patients was estimated by Kaplan-Meier method and compared with log-rank. Cox proportional hazards models were fit to determine the independent association of MET-staining status with outcome. The effect of live H. pylori bacteria on cell signaling and biological behaviors was evaluated using gastric cancer cell lines. MET4-positive gastric cancers showed poorer prognosis than MET4-negative cases (overall survival, P = 0.02; relapse-free survival, P = 0.06). Positive staining for MET4 was also a statistically significant factor to predict poor prognosis in H. pylori-positive cases (overall survival, P < 0.01; relapse-free survival, P = 0.01) but not in H. pylori-negative cases. Gastric cancers positively stained with both HGF/SF and MET4 showed a tendency of the worst prognosis. Stimulation of MET-positive gastric cancer cells with live H. pylori bacteria directly upregulated MET phosphorylation and activated MET downstream signals such as p44/42MAPK and Akt, conferring cell proliferation and anti-apoptotic activity. In conclusion, positive staining for MET4 was useful for predicting poor prognosis of gastric cancers with H. pylori infection. Helicobacter pylori stimulated MET-positive gastric cancers and activated downstream signaling, thereby promoting cancer proliferation and anti-apoptotic activity. These results support the importance of H. pylori elimination from gastric epithelial surface in clinical therapy.
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O ncogene MET encodes a receptor-type tyrosine kinase, that transduces intracellular signals after reception of its only ligand, hepatocyte growth factor/scatter factor (HGF/ SF). (1) MET is a master signaling molecule that regulates important cancer steps, namely proliferation in the primary sites, invasion and metastasis into surrounding or remote tissues, (2) (3) (4) (5) peritoneal dissemination, (6, 7) angiogenesis, (8) and proliferation in metastatic lesions. Clinical studies have shown that high MET expression correlates with poor prognosis of various tumors (9) (10) (11) (12) (www.vai.org/met). Reports describing the role of MET in gastric cancers have been accumulating. For instance, MET protein expression is significantly higher in gastric tumor tissue than in intestinal metaplasia, suggesting a role for MET in the process during malignant transformation of the gastric mucosa. (13) Also, higher expression of MET is observed in the poorer prognosis of alpha fetoprotein-producing gastric cancers. (14) MET is actually activated in gastric carcinoma tissue, and may trigger proliferation/anti-apoptotic signals. (15) Also urokinase-type plasminogen activator (uPA) promotes the invasive capacity of the uPA receptor-positive gastric cancer cells and this phenotype is upregulated by the stimulation of HGF/SF-Met signaling. (16, 17) MET expression in gastric cancer cells correlates with their metastatic potential such as liver metastasis. (18) Recent epidemiologic evidence indicates that Helicobacter pylori (H. pylori) infection significantly increases the risk for gastric carcinoma. (19, 20) Helicobacter pylori infection induces chronic atrophic gastritis strongly enhancing the development of cancer, especially the intestinal type. (21) The carcinogenicity of H. pylori is supported by the result that eradication diminishes the enhancing effects of H. pylori infection on glandular stomach carcinogenesis. (22) Moreover, H. pylori infection accelerates the mutation of p53-Rb systems and activates telomerase activity, which acts as a risk factor for gastric cancers. (23) Also H. pylori bacteria augment the growth of gastric cancers via the LPS-TLR4 pathway, whereas they attenuate the antitumor activity and IFN-c-mediated cellular immunity of mononuclear cells, suggesting the inflammatory role of H. pylori infection in the proliferation and progression of gastric cancers. (24) These finding may suggest some role of MET in H. pylori-infected gastric cancers. (25) However, no report has focused on the relationship between MET and H. pylori infection in clinical gastric cancers.
Recent success in the development of small molecule inhibitors against various kinases has brought a new paradigm of cancer therapy. Molecular targeting therapy against MET will be one of the most promising candidates for malignancies including gastric cancers. In this regard, an accurate evaluation of the relationship between MET expression and patient prognosis is essential for clinical application. Here we investigated the relationship between HGF/SF (MET ligand), MET expression and clinicopathological status in patients with gastric cancers.
Materials and Methods
Patients and clinicopathological characteristics. Two hundred and one patients with primary gastric carcinoma who underwent curative or debulking resection without preoperative chemotherapy at the National Defense Medical College Hospital between 1998 and 2007 were studied. Clinicopathological characteristics are shown in Table 1 . For each case, all available histological sections were reviewed by two independent pathologists, and a representative block was selected for additional studies. Histological diagnosis consisted of 11 cases of papillary adenocarcinoma, 72 cases of tubular adenocarcinoma, 98 cases of poorly differentiated adenocarcinoma, six cases of signet ring cell carcinoma, 12 cases of mucinous carcinoma, and two cases of other histological types (adenosquamous carcinoma and undifferentiated carcinoma, one each). Clinical stages of the patients were evaluated according to the criteria of the Japanese Research Society for Gastric Cancer (14 th edition). All specimens and clinical information were collected under Institutional Review Board-approved protocols. Adjuvant therapy by oral anti-cancer agents such as 5-fluorouracil (5-FU) and fluoropyrimidine (S-1) were recommended in patients with stage II or stage III disease, or who had highly potential of recurrence based on the pathological findings.
Follow-up of the patients. Overall survival time was measured from the date of resection to the date of death due to any cause. Patients who survived until the last follow-up were censored in our survival analyses. All patients were observed at our hospital or the outpatient clinic at 3-to 4-month intervals during the first 2 years of the study and every 6 or 12 months thereafter for 3 years. After 5 years, annual followup was conducted through telephone conversations with the patient, patient's family, or their practitioner. The prognosis was followed up to 10 years.
Immunohistochemical staining. To determine MET expression status by immunohistochemistry (IHC), monoclonal antibody (mAb) for MET, MET4 mAb, (26) was used. Epitope sequence of MET4 revealed that DVLPEFR on amino acid residue 236-242 was the specific recognition site of MET. To retrieve MET antigen, tissue slide sections were treated at 98°C for 20 min in Target Retrieval Solution, pH9 (DAKO, Santa Clara, CA). ENVISION+ System (DAKO) was used for the secondary antibody reaction and DAB+ was used for color development. In the final step, the nuclei were lightly counterstained with Meyer hematoxylin.
Regarding the tissue staining of HGF/SF, anti-HGF/SF mAb (clone 7-2) was purchased from Enzo Life Sciences (Ann Arbor, MI, USA) and the samples were stained according to the company's instruction. Antigen retrieval was performed by boiling the sample slides in the 10 mM citrate buffer (pH 6) in a microwave for 7-10 min.
For the evaluation of Her2/neu IHC status HercepTest II (DAKO) was used. For the evaluation of tumor cell proliferation, we performed Ki-67 staining using anti-human Ki-67 antibody (M7240, DAKO). E-cadherin expression in the proliferative margin of tumor cells was also investigated using E-cadherin antibody (H-108, Santa Cruz Biotechnology, CA, USA).
Helicobacter pylori infection status. To determine the presence of Helicobacter pylori (H. pylori) infection in gastric cancers and surrounding tissues, biopsy specimens before surgery as well as all surgical specimens were subjected to IHC staining with rabbit polyclonal anti-H. pylori antibody (DAKO). Also all medical records for clinical test for the presence of H. pylori infection were checked. After searching and testing of these items, patient's reassurance without the evidence of H. pylori infection were defined as H. pylori infectionnegative.
Statistical analyses. Comparison between patient characteristics and IHC status was performed by a v 2 test. Survival time was measured from the date of surgical operation to the date of death, or the last follow-up. Survival outcomes were estimated according to the Kaplan-Meier product limit method and compared between groups by the log-rank statistic. Cox proportional hazard model was used to determine the association of gastric cancer subtype with the risk of recurrence after adjustment for other significant patient and disease characteristics. All terms that were significantly associated with relapsefree survival (P < 0.05) were considered and included in a multivariable model. Final model was based on either statistical or clinical significance. All analyses were performed using a StatView version 5.0 (SAS Institute, Inc., Cary, NC, USA).
Cell lines and H. pylori. Four MET-expressing gastric cancer cell lines, MKN-7, MKN-74, NUGC-3, and KATOIII were cultured in RPMI 1640 medium containing 10% fetal bovine serum (FBS, HyClone, South Loagan, UT). CagA-positive Helicobacter pylori (ATCC43504) was obtained from American Type Culture Collection.
Western blot, cell cycle and cell survival analysis. Western blot was performed using primary antibodies as follows: anti-Met CELLQuest software. For the calculation of S-phase fraction, ModFitLT 2.0 software (Verity) was used. Cell survival after treatment with 5-FU was evaluated using modified MTT assay with Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc., Tokyo, Japan).
Results
MET staining and prognosis. Immunohistochemistry analysis for MET4 staining intensity was divided into four groups (Fig. 1a) . MET4-negative cancers tended to show better prognosis than MET4-positive cancers. However, there was no statistical difference between the four groups (Fig. 1b) and we regrouped the gastric cancer patients into two categories: MET4 negative and MET4 positive, and reanalyzed the survival plots (Fig. 2a) . With MET4 mAb, a tendency of poor prognosis was established in MET positive gastric cancers (overall survival, P = 0.02; relapse-free survival, P = 0.06).
The analysis of univariate risk factors that influence overall survival (Table S1 ) revealed that tumor lesion (P < 0.01), maximum tumor diameter (P < 0.01), depth of invasion (P < 0.01), lymphatic invasion (P < 0.01), vascular invasion (P < 0.01), lymph node metastasis (P < 0.01), and positive staining of MET4 (P < 0.05) were statistically significant factors. Among those factors, multivariate analysis (Table S2) indicated that tumor lesion (P < 0.05), depth of invasion (P < 0.01), lymphatic invasion (P < 0.01), and vascular invasion (P < 0.05) were recognized as independent factors for predicting poor prognosis, but positive staining of MET4 (P = 0.18) was not an independent factor contributing poor prognosis.
Clinicopathological characteristics and MET4 staining. Since MET4 mAb was reported to be a good diagnostic monoclonal antibody for human MET staining, (26) we investigated the difference in the clinicopathological characteristics between MET4 positive and negative cases (Table 1) . In this analysis, histopathological factors including INF (P < 0.05), lymphatic invasion (P < 0.05), and venous invasion (P < 0.01) showed positive association with MET status.
MET expression status also correlated with the percentage of Ki-67 positive cells (Table 2 ). MET4 positive cases showed a higher Ki-67 positive rate than MET4 negative cases (P < 0.01). Her2/neu overexpression was observed only in 14.4% (29 cases) and did not correlate with Ki-67 positive rate. Most of Her2/neu-overexpressed gastric cancers were differentiated type (24 cases out of 29 cases) and unexpectedly they showed better prognosis than Her2/neu-negative cancers (Fig. 3) . Among 201 patients tested, only 21 cases were E-cadherin negative and undifferentiated carcinomas showed significant correlation to this property (P < 0.01). However, there was no significant difference between proliferative phenotype/vascular invasion and E-cadherin expression. Also, there was no remarkable difference in the overall survival (P = 0.72) as well as relapse-free survival (P = 0.99) between E-cadherin positive and negative gastric cancers (Fig. 4) .
Helicobacter pylori infection, MET status, and prognosis. Since H. pylori infection increases the risk of gastric cancers, (27) the presence of H. pylori on the gastric mucosal surface or in the gastric wall may be involved in the development of specific types of gastric cancer. (28) Here, we examined the relationship between H. pylori infection and MET expression status. The presence of H. pylori infection was confirmed by the histological specimen (Fig. S1) as well as by the available clinical records. H. pylori infection did not increase the number of MET4 positive tumors (Table S3 ). Yet the role of H. pylori after carcinogenesis is distinct, such as the promotion of proliferation and progression of gastric cancers.
(24) Therefore, we investigated whether H. pylori infection affected the prognosis of gastric cancers. Interestingly, in H. pylori-infected gastric cancers, positive MET4 staining was a statistically significant factor for predicting poor prognosis (overall survival, P < 0.01; relapse-free survival, P = 0.01) (Fig. 2b ). In contrast, in H. pylori-negative cancers no difference was observed in the prognosis between MET-positive and -negative groups (data not shown: overall survival, P = 0.88; relapse-free survival, P = 0.95).
MET status, HGF/SF production and prognosis. HGF/SF is the only ligand for MET. Recent reports suggest that paracrine activation of MET signaling pathways by HGF/SF increases the malignancy of gastric cancer cells even without MET amplification (29) and that cancer-associated fibroblasts stimulate HGF/SF-MET pathways and play roles as important modifiers of tumor progression. (30) Therefore, HGF/SF production together with MET expression in gastric cancer tissues would be an important factor when evaluating tumor malignancy. Positive IHC staining of HGF/SF showed either intracellular pattern or diffuse pattern with extracellular staining (Fig. 5a) . HGF/SF(À) cases, and 64.3% in MET4(À)/HGF/SF(À) cases, respectively. Therefore, the HGF/SF-MET signaling in gastric cancers is considered not to affect the infectivity of H. pylori on the gastric surface mucosa. Regarding the relationship surrounding MET status, HGF/SF production, and prognosis, gastric cancers with positive staining of both MET4 and HGF/SF tended to show poorer prognosis than the groups of both negative, or MET4 or HGF/SF single positive (Fig. 5b ) though statistical significance was not clearly proven.
Effect of H. pylori stimulation on gastric cancer cell lines.
Because MET expression played a significant role as a poor prognostic factor in H. pylori-positive gastric cancers, we tested whether H. pylori bacteria might stimulate MET signaling to accelerate tumor growth. In some gastric cancer cell lines such as MKN-45, MET activity is constitutively upregulated because of MET gene amplification (Fig. S2a) . To avoid such cases we used other cell lines, MKN-7 and MKN-74, to see the effect of H. pylori infection both of which lack MET amplification and have wild-type p53. Because these two gastric cancer cell lines are histologically well-or moderately-differentiated, cell lines of other histological types i.e. NUGC-3 (poorly-differentiated adenocarcinoma) and KATO III (signet ring carcinoma) were also tested for stimulation with live H. pylori. The phosphorylation of MET after stimulation with H. pylori stimulation at multiplicity of infection (moi) = 5 ( In MKN-7 cells, dose dependency of cell signaling at 1 h after stimulation with H. pylori was tested (Fig. S3) . The phosphorylation of MET downstream signals i.e. Akt and p44/ 42MAPK rather than MET itself was significant in response to viable H. pylori stimulation at higher moi. This may suggest that at higher moi of H. pylori cell signaling is augmented through the activation of some receptors other than MET such as toll like receptors, thereby activating intracellular cross-talk.
To observe the effect of H. pylori stimulation on cellular activities, first DNA cell cycle status was investigated in four gastric cancer cell lines (Fig. S4a) . Interestingly, the cell lines that showed marked p44/42MAPK phosphorylation, i.e. MKN-7 and MKN-74, displayed an increase of S-phase fraction according to the dose of H. pylori stimulation (Fig. S4b) . In addition, the survival of MKN-7 cells in relatively high 5-FU (100 lM) condition was enhanced in the presence of viable H. pylori (Fig. S4c ), but this enhancement was not remarkable in other three cell lines (data not shown). Since strong phosphorylation of Akt in response to H. pylori was observed in MKN-7 cells, the increased cell viability might be ascribed to an anti-apoptotic effect of H. pylori by stimulating the Akt pathway.
Discussion
MET expression is a poor prognostic factor in some clinical cancer studies. (6, 31) To see the relationship between MET expression and pathological malignancies of clinical gastric cancer cases, first we investigated clinicopathological characteristics. Although univariate analysis revealed that positive staining of MET as well as tumor size and invasive characteristics influenced the survival of gastric cancer patients, MET was not an independent risk factor proven by a multivariate analysis. Yet, positive staining of MET4 was an important factor to predict the malignancy of gastric cancers from viewpoints of their biological characteristics such as invasive nature (INF), lymphatic invasion, and venous invasion. Since there was no obvious deviation about the clinical factors between MET4-positive and MET4-negative groups that might affect the clinical course, MET expression in itself was considered to be a useful prognostic factor.
Most differentiated types such as pap, tub1 and tub2 expressed MET, whereas many MET negative cases were observed in poorly differentiated and signet ring cell carcinomas. Recently it has been reported that intra-nuclear expression of C-terminal MET fragment might be involved in the invasive/metastatic phenotype of highly malignant breast cancer cells. (32) MET expression status on the cytoplasmic membrane and/or in the cytoplasm evaluated with regular MET antibodies may not necessarily correspond to the degree of tumor malignancy. Also, MET expression status is often affected by the cell cycle phase conferring the highest expression in the S-G 2 /M phase and functional MET rather than overexpressed MET is important in the proliferation of tumor cells. (33) Moreover, cross-talk between MET-mediated and EGF-mediated signals is considered to affect tumor proliferation/invasion status. (34) (35) (36) Therefore, MET expression intensity itself is not the only important factor for intracellular signaling, yet functional MET still plays a key role in the progression of gastric cancers.
Cross-talk between MET-mediated signaling and other intracellular pathways may affect the biological feature of cancer cells. HER2/neu, is one candidate and its importance in breast cancers as a therapeutic has received wide attention. A previous report showed that HER2/neu overexpression in gastric cancers correlated with the depth of invasion and lymph node metastasis. (37) However, only 16.4% of gastric cancer cases showed HER2/neu overexpression and this marker could be applied for limited cases of MET-positive gastric cancers. In our study, HER2/neu overexpression was observed only in 14.4% and it did not correlate with poor prognosis. Therefore, in most gastric cancers mechanisms of proliferation and invasion are considered to be independent of HER2/neu signaling.
There was no statistical correlation between MET4 staining and H. pylori infection, which suggests that these two factors are independent to each other. Interestingly, in the gastric cancer patients with obvious H. pylori infection, positive MET4 staining results indicated poorer prognosis compared with MET4 negative cases. But this prediction did not apply to the patients without H. pylori infection. In the previous studies it has been shown that H. pylori not only acts as a gastric cancer-inducing factor but also stimulates gastric cancer cells to promote their proliferation. (24, 38) Also, H. pylori bacteria are reported to provoke shedding of the surface proteins from gastric epithelial cells, and play a part in the process of epithelial mesenchymal transition. (39) These data indicate that H. pylori may actively be involved in the proliferation and progression stages of gastric cancers by regulating membrane proteins such as MET. Shedding of MET may weaken the histological MET expression of some gastric cancer cells in appearance.
Since HGF/SF, the only ligand for MET, is produced in response to inflammatory processes, H. pylori infection could be considered to increase the production of HGF/SF near the infection foci. (40, 41) H. pylori infection in the gastric mucosa may be one of the key carcinogenesis/proliferation factors of gastric cancers, but in our study more than half of the cases were H. pylori negative. Therefore, HGF/SF-MET signaling is considered to be activated independently of H. pylori signals at least in those cases. Yet gastric cancers showing positive staining of both MET4 and HGF/SF revealed the tendency of the worst prognosis, suggesting the importance of HGF/SF-MET signaling in the clinical course of gastric cancers.
Recently, Huang et al. reported that MET4 IHC staining correlated more strongly with phosphorylated MET than other anti-MET antibodies such as SP44 and D1C2 across 18 cancer types. They concluded that MET4 IHC provides a good prediction model for MET activation and presumably a good tool to predict the response to HGF/MET inhibitors. (42) Their results well support our results in this study that gastric cancers with strong MET expression evaluated by MET4 IHC staining and H. pylori stimulation have poorer prognosis than those without MET expression and the existence of H. pylori infection.
A recent paper indicated that H. pylori-mediated cell invasion was dependent on the activation of the MET receptor. (43) It was reported that the H. pylori effector protein CagA intracellularly targeted the MET receptor and promoted cellular processes leading to a forceful motogenic response. (44) Also, it has been suggested that non-phosphorylated CagA would be likely to cause sustained Met/PI3K/Akt signaling during H. pylori infection, thereby contributing to H. pylori-associated chronic gastric proliferative and proinflammatory responses. (45) Here, to see if H. pylori can activate MET and induce biological changes in gastric cancer cells, in vitro experiments were performed using viable H. pylori. We find that though the activation of MET itself was not obvious in all cases and the pattern of MET phosphorylation was different among the cell lines, H. pylori did stimulate MET signaling. Also, H. pylori stimulated downstream molecules of MET signaling such as p44/42MAPK and Akt presumably through other receptor pathways or cross-talk, and conferred cell cycle activation and escape from apoptosis on gastric cancer cells. The results may explain why MET-positive gastric cancers have poor prognosis only in H. pylori infection-positive cases. Our previous papers support the idea that targeting on MET signaling may be an effective way to control tumor growth/progression. (6, 46) Collectively, poor prognosis of gastric cancer patients with positive staining with MET4 is proven to be associated with H. pylori infection-positive cases. This suggests the importance of removing these bacteria from gastric epithelial surfaces. Also, the results in this study should be taken into account when molecular targeting therapy against MET is under consideration.
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